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 There are more than three million cases of osteoporosis in the United States per year, which 
contributes to two million bone fractures and 19 billion dollars in related expense. The current 
diagnosis of osteoporosis according to World Health Organization (WHO) criteria is determined 
by aerial bone mineral density (aBMD)--an imaging biomarker examined by dual energy X-ray 
absorptiometry (DXA) and usually reported as T-score. Nevertheless, many findings suggest that 
BMD alone is not sufficient to predict fracture risk, and that bone microarchitecture and bone 
material properties also contribute to overall bone strength.  
 Due to the difficulty in obtaining high-resolution images on site in-vivo, effective 
monitoring of bone microarchitecture remains challenging. As a result, osteoporotic drug trials 
still rely on DXA as well as long-term follow-up to demonstrate fracture reduction, which in turn 
leads to high expenses and delay of new effective drugs. Currently, there is no diagnosis method 
in clinical setting that provides both quantitative and qualitative information on bone health, both 
of which contribute to mechanical bone strength but in distinct ways. New quantitative biomarkers 
derived from commonly used imaging modalities, e.g. clinical multi-detector CT (MDCT) or 
micro-CT, could potentially fill that gap. In this work, an ensemble of image-based metrics of bone 
microarchitecture as candidate surrogate biomarkers of physical properties of bone was 
systematically evaluated. We established parametric models of bone microarchitecture 
characteristics to construct intricate realistic 3D trabecular bone structures. This allowed us to 
build a library of 3D digital trabecular bone phantoms including various bone health levels with 
established ground truth microarchitecture parameters. The library with a range of bone health 
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levels spanning from healthy to osteoporotic is essential to ensure better validation and 
characterization of quantitative performance of the potential biomarkers. 
 In order to gain a better understanding of the performance of quantitative metrics of bone 
microarchitecture in relationship to bone strength and to develop an algorithm to construct bone 
texture structure with specific microarchitecture features,  this study involved the analysis of the 
microarchitecture of 20 healthy L1 vertebrae from donors with age ranging from 44 to 88 years, 
based on micro-CT scans. 3D digital simulated models of vertebral trabecular bone structure with 
controlled microarchitecture features were developed to mimic real bone morphology observed 
from the L1 vertebrae dataset. The same microarchitecture measurement was applied to the 
simulated models in order to validate the model design algorithm. Furthermore, finite element 
analysis (FEA) was used to investigate functional physical properties of bone structure with 
various microarchitecture. Statistical correlation was established between image-based 
microarchitecture features and physical performance of both the real bone samples and the 
developed model, to establish a quantitative relation between image-based metrics and 
corresponding physical features.  
 This investigation provides evidence that microarchitecture contributes substantially to 
bone strength along with BMD. The model established in this study can generate phantoms with 
desired microarchitecture measurements within 5% error on each parameter. The capability of the 
designed model to generate bone structures with high variability and complexity is an aid in further 
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Background of the Problem 
 Bone is a dense connective tissue that is ever-changing throughout the lifecycle. Bone is 
continually created and replaced in a process called remodeling. A remodeling cycle requires the 
removal of mature bone tissue in a process called bone resorption with subsequent formation of 
new bone tissue by ossification. During early stage of one's life (childhood and teenage years), 
new bone is formed faster than mature bone is removed, and so bones grows denser along the time. 
However, once peak bone mass with maximum bone strength and density is reached, a steady state 
of bone remodeling eventually transitions to one in which bone resorption outpaces formation.  In 
women, this occurs during the perimenopausal transition.  In men, bone loss predominates around 
the seventh decade of life. If the bone lost exceeds that of the normal population, osteoporosis may 
occur (NIH, 2018). Osteoporosis, a disease that is characterized by low bone mass, low bone 
mineral density, and structural deterioration, is the most common cause of bone fractures among 
the elderly as aging is one of the major risk factors for osteoporosis (Britton, et al., 2010).  More 
than three million fractures occur yearly in the US (Mayo Clinic, 2019), and 15 million cases occur 
worldwide per year. Osteoporosis and its sequelae are responsible for $19 billion in related health 
care costs every year(F. Cosman, et al., 2014), and thus it becomes one of the most substantial 




 As mentioned above, the fundamental mechanism of osteoporosis development is the 
imbalance between bone resorption and bone formation. In healthy bone, remodeling occurs at a 
constant rate, and at any point of time, there may be up to 10% of all bone mass undergoing 
remodeling (H. John, 2010). These osteodynamics are controlled in the cellular and molecular 
level. Two main types of cells are involved in bone metabolism: osteoclasts degrade the bone 
matrix (bone resorption),  releasing minerals and signaling factors  into the blood; recruited to sites 
of active resorption, the osteoblasts rebuild the bone matrix by depositing osteoid which will 
mineralize in time to form new bone (H. Frost, et al., 1963). The activity of osteoblasts and 
osteoclasts are signaled by a bunch of chemical enzymes that can promote or inhibit certain actions 
of the cells  (L. Raisz, et al., 2005).  The bone remodeling cells can also control the activity of each 
other by paracrine signaling. 
 Within any individual bone, the bone tissue can be divided into two main structures based 
on the characteristics and appearance, which are the cortical and trabecular bone. Trabecular bone 
is the porous bone in the vertebrae and the ends of long bones such as the femur; while cortical 
bone is the concrete outer shell of bones. Given its porous structure, trabecular bone has larger 
overall surface area than cortical bone and is more active and subject to more bone remodeling.  
Given the higher remodeling rates of trabecular bone, microarchitectural deterioration is most 
pronounced in sites that have relatively high trabecular to cortical bone ratio like lumbar spine and 
femur bones (NIH, 2018). Those areas rely heavily on the trabecular bone for strength, and so are 
more likely to degenerate when bone resorption and formation are imbalanced. Figure 1 shows an 
illustration on vertebral trabecular bone structure.  




           
Figure 1. An example of a vertebral trabecular bone specimen at the left and a scale-up version of 
part of the vertebra to show details of rod-like and plate-like structures in the middle. The right 
shows schematic representations of trabecular structures as rod and plate.  
 Osteoporosis shows as not only decreases in bone density but also microarchitecture 
disruption. Both bone quantity and bone quality contribute fundamentally to bone strength, and 
the decrease in bone density and microarchitecture deterioration can be seen as decline in bone 
quantity and in bone quality. Although both affect bone strength, quantity, (estimated by bone 
mineral density) and quality, (which can be assessed by microarchitecture features)  are not 
necessarily at the same state in all cases. Literature shows instances where equivalent bone density 
was measured  in subjects with distinct outcomes in bone fractures (A. Warriner, et al., 2011). 
Thus, investigation on tissue structure of the bone is as essential as bone mass estimation for 
fracture risk prediction.  
  Although bone mass and bone strength decline with aging, osteoporosis may occur due to 
the imbalance or abnormal level of specific hormones--e.g. lower levels of estrogen. Chronic 
diseases and therapeutics used to treat them may also lead to osteoporosis. Kidney diseases, 
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hyperthyroidism, anorexia nervosa, and alcoholism are some common diseases that may cause 
osteoporosis; medicationsincluding, antiseizure medicine, chemotherapy, and glucocorticosteroids 
may increase the bone loss rate and lead to osteoporosis (NIH, 2018). While there are many risk 
factors that are either iatrogenic of modifiable, there are a number of nonmodifiable risk factors 
that equally contribute to osteoporosis and fracture risk .  
 Sex is one of the top risk factors of osteoporosis; among all cases in U.S., about 80% of 
patients are women, not only because of the higher prevalence and rate of fracture than men, but 
also difference on other bone characteristics between sexes (National Osteoporosis Foundation, 
2018). Literature has revealed gender difference in bone sizes, microarchitecture and the 
mechanism of bone density loss in a microstructural level. With pair groups of men and women 
matched for age, weight, vertebral bone density, and vertebral body height, research shows that 
women have overall cross-sectional areas of vertebral volumes 25% smaller than men, though the 
difference of vertebral bone densities between sexes is not statistically significant (V. Gilsanz, et 
al., 1994). F. Eckstein et al. suggests that the sex differences of trabecular bone microstructure are 
site dependent. At the radius and femoral neck, men have trabecular bone with significantly more 
plate-like structure, smaller trabecular separation (Tb. Sp.), but higher in trabecular thickness (Tb. 
Th.), connectivity density (Conn. D.) and degree of anisotropy (D. A.) compared to women. At the 
trochanter, men also show more plate-like structure and higher Tb. Th. than women, but no 
significant difference in Tb. Sp. or other parameters. At the calcaneus, gender difference is not 
shown on any of the parameters (F. Eckstein, et al., 2007). M. Hudelmaier, et al. also reported 
significantly lower bone mineral density (BMD), bone volume fraction (BVF), and Tb. Th. in 
women when compared to men, which indicates lower bone quality  (M. Hudelmaier, et al., 2005).  
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 Ethnicity is another important risk factor in bone health. According to the statistics 
provided by National Institute of Arthritis and Musculoskeletal and Skin Disease, white and Asian 
are at greater risk and African American and Hispanics have a lower but still in a significant risk 
than other ethnic groups (NIH, 2018). Family history of fractures may also contribute to reduced 
bone mass and may be sign of risk for fracture, as the heritability of fracture and low bone mineral 
density ranges from 25 % to 80%, and there are more than 30 genes associated with osteoporosis 
development (L. Raisz, et al., 2005). F. Ojo, et al. suggest that subjects who had a fracture 
previously are at least twice as likely to develop osteoporosis later in their life compared to 
individuals of the same age and sex who do not have ahistory of bone fractures (F. Ojo, et al., 
2007). Results in  (B. Alldredge, et al., 2009)  point to greater risk of osteoporosis for individua ls 
of small body size with thin bones. 
 In the absence of an osteoporotic fracture, the current diagnosis of osteoporosis is made by 
measuring BMD on DXA according to the  standard defined by World Health Organization as 
shown in Table 1 (WHO, 2003). The major clinical imaging modality for BMD measurement is 
dual-energy X-ray absorptiometry (DXA), DXA is a spectral imaging technique that uses two X-
ray beams at different energy levels. A weighted combination of  the different X-ray absorption 
from the two beams is then computed to remove the contribution of soft-tissue to the measurement, 
yielding an estimation of the  absorption attributable to bone only (National Osteoporosis Society, 
2018). DXA is currently considered the gold standard for osteoporosis diagnosis, and the BMD 
measurement taken from DXA can be transformed into T-score as a quantitative biomarker. WHO 
has provided the guidance for osteoporosis diagnosis based on bone density in women and men by 
following four general diagnostic categories (WHO, 2003): normal for BMD values within 1 
standard deviation (SD) of the young adult reference mean (T-score of -1.0 or above); osteopenia, 
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or low bone mass, for BMD values more than 1 SD but less than 2 SD below the young adult mean 
(T-score between -1.0 and -2.5); osteoporosis for BMD values 2.5 SD or more below the young 
adult mean (T-score below -2.5); established osteoporosis, or severe osteoporosis for BMD values 
2.5 SD or more below the young adult mean with one or more fragility fractures.  
Category BMD T-score Percentage of 
Population 
Normal BMD > mean-SD T-score  -1 85% 
Osteopenia mean-SD > BMD > mean-2SD -1 < T-score < -2.5 14% 
Osteoporosis mean-2.5SD > BMD T-score  -2.5 0.6% 
Established 
Osteoporosis 
mean-2.5SD > BMD               
with fragility fracture 
T-score  -2.5                         
with fragility fracture 
< 0.4% 




Figure 2. Distribution of BMD in young healthy women aged 30-40 years. Bone mineral density 
in the population follows a normal distribution from statistics collected by WHO (WHO, 2003).  
 
Figure 3. Distribution of BMD in women at different ages from WHO dataset.  
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 As is shown in figure 2 (WHO, 2003), BMD is normally distributed in the population, and 
so in the young healthy population, approximately 15% will have a T-score value less than -1 
which indicates low bone mass or say osteopenia, and about 0.6% are with T-score of -2.5 or lower 
and thus meeting the criteria for osteoporosis. From figure 3 (WHO, 2003), BMD at all ages is 
normally distributed, but the mean value of the normal distribution decrease progressively as age 
increases; in other words,  the proportion of women with osteoporosis increases markedly with 
age and so does the fracture risk. Moreover, the prevalence of osteoporosis increases exponentially 
and is in line with the increasing fragility fractures among ageing women. WHO does not provide 
enough investigation to draw concrete conclusions for men or other ethnic groups. However, small 
population studies have shown that the cut-off BMD values used in women can be used for 
osteoporosis diagnosis in men as well, although the threshold value may need appropriate 
adjustment based on body size in some populations (WHO, 2003).  
 The standard DXA scan is a two-dimensional projection which yields a measurement of 
areal BMD (aBMD) in units of g/cm2, rather than the real bone mineral density which should be 
in unit of g/cm3. The confounding effect of differences in bone size may lead to inaccurate 
estimation of BMD as the area and volume are not in a linear relationship. In another hand, the 
error of actual bone size due to the missing depth value may actually improve the BMD value since 
bone size is another determinant of bone strength. This inaccuracy appears particularly common 
at the spine since vertebral bone are irregular both in shape and apparent density, and the 
measurements also partly depend on the applied edge detection algorithm. This shortcoming can 
however be mitigated by estimating the volume from the projected area measured by DXA, and 
the adjusted result is referred as bone mineral apparent density (BMAD) with the same units as 
volumetric BMD. Nevertheless, BMAD still lacks the ability of accurately represent the true BMD 
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since the bone volume is approximated instead of directly measured, and so BMAD is not currently 
used in the clinical practice (WHO, 2003).  
 BMD alone does not fully capture fracture risk or provide accurate assessment for many 
patients who are at risk without other biological markers and clinical factors. While BMD gives 
an absolute risk indication, the FRAX® algorithm used by WHO is a relative risk predictor that 
includes more possible risk factors, such as gender, and it is used to predict 10-year fracture risk 
in a given patient (J.A. Kanis, et al., 2011). However, it is not yet been used in FDA's decision-
making for any bone drug trial.   
Bone Structure in Interpretation of Bone Strength 
 Moreover, except the lack of calibration based on risk factors, BMD is also restricted in 
incorporating enough information on bone quality that can be represented by microarchitecture  
features, and only provides a quantity measurement of bone mass in terms of bone mineral density. 
Loss of bone can be represented by bone mass loss as well as significant skeletal microarchitecture 
deterioration, and the collective changes in both bone mass and microstructure lead to decreased 
bone strength with increased fracture risk (G. Diederichs, et al., 2009). Bone strength prediction 
can be improved with BMD measures in combination with trabecular microarchitecture 
measurement, as bone mass with same quantity may exhibit various bone structures perform 
mechanically resistance differently. Indeed, bone loss and bone microstructure changes happen in 
parallel with one another. Bone loss directly leads to decreased number of trabeculae (Tb. N.), 
increased Tb. Sp., and loss of Conn. D. of the trabecular bone matrix (F. Eckstein, et al., 2007). 
Deterioration of microarchitecture will lead to compromised bone strength.  
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 Historically, bone biopsy provided a good assessment of bone microarchitecture properties ; 
however, it is an invasive procedure that cannot be done easily or at the bedside.  Biopsies are 
typically obtained from the iliac crest, a non- weight-bearing site. Moreover, bone biopsy is unable 
to assess changes in longitudinal direction accurately since selected sites vary in different cases. 
Lumbar spine and femur are the most commonly used sites for response monitoring of osteoporosis 
drugs. However, due to the slow remodeling rate of bone that can hardly be captured by DXA to 
investigate bone loss instantly, as well as the lack of effective way to obtain high-resolution 3D 
images of those sites in-vivo to better investigate the role that bone microarchitecture plays in bone 
mechanical strength,  osteoporotic drugs trails still depend on long-term follow-up of patients by 
counting the number of fracture incidences between the treatment and control groups (T.M. Link, 
2012). As a result, the lengthy drug trials are extremely inefficient because of the expensive costs 
and delay of the introduction of potential effective treatment for at-risk patients. Innovative 
biomarkers which can accurately and efficiently predict fracture risk are needed.  
 Recent developments in imaging techniques provide the possibility to better investigate 
bone microarchitecture, an important determinant of bone strength, in a higher resolution. High-
resolution peripheral quantitative computerized tomography (HR-pQCT) imaging has overcome 
some of the limitations mentioned above. HR-pQCT imaging can be seen as noninvasive bone 
biopsy providing assessment of bone geometry in vivo with extremely high resolution (up to 60 to 
82 m) with low radiation when it is limited to sites at the distal radius and tibia only (A. Cheung, 
et al., 2013)--effective dose for HR-pQCT is lower than 0.003 mSv (M. Burrows, et al., 2010), for 
imaging of distal tibia in adolescents (XtremeCT, scanco), comparing to a 0.013 mSv effective 
dose for spine radiographs using fan-beam DXA (J. Damilakis, et al., 2010). As shown in Figure 
4 (K. Roland, et al., 2011),  the high resolution of HR-pQCT permits the ability to display the bone 
 11 
 
microarchitecture and reconstruct the scans in to a 3D visualization. HR-pQCT differs from DXA 
in that it is possible to measure volumetric bone mineral density in vivo and reconstruct bone 
microarchitecture in 3D. Moreover, bone mechanical properties can be estimated with Finite 
Element Analysis on the HR-pQCT images (A. Cheung, et al., 2013). Nevertheless, pQCT only 
assesses two bone sites as mentioned, and hence whether measurements at those sites can 
accurately reflect strength at the axial skeleton remains a concern. Furthermore, although HR-
pQCT can achieve the highest resolution among all in vivo imaging modalities, human trabeculae 
have physical dimensions comparable to the system resolution, which may hamper accurate  
segmentation of fine details in the bone trabecular structure. HR-pQCT is still mainly used in 
research investigation, and it has not yet received FDA regulatory approval for clinical use.  
 
Figure 4 (K. Roland, et al., 2011). Sample HR-pQCT images from (A-C) distal radius and (D-F) 
distal tibia where (A) and (D) are the distal most slices of the scan, (B) and (E) are the proximal 
most slices of the scan, and (C) and (F) are the 3D reconstruction visualization of the segmented 
bone structure with the dark gray representing cortical compartment.  
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 Another modality with high resolution but more clinically available, high resolution multi-
detector computed tomography (MDCT), uses a two-dimensional detector array to acquire 
multiple slices simultaneously (K. Mei, et al., 2017). The introduction of multiple rows of detectors 
not only increases the imaging speed but also the imaging length, which will increase the patient 
effective dose by z-overscanning. Z-overscanning refers to the tissue extent that is exposed to x-
ray beyond the boundaries of target volume of interest to reconstruct the first and last slices with 
additional rotations (A. Tzedakis, et al., 2005). As a result, MDCT is limited in the use of 
osteoporosis diagnosis due to its relatively high radiation exposure caused by z-overscanning 
effect(J. Damilakis, et al., 2010), as the effective dose of approximately 3 mSv to examine vertebral 
microarchitecture comparing to 0.06-0.3 mSv for 2D spine QCT scan. Figure 5 shows a single 
slice of MDCT scan with an osteoporotic right intertrochanteric fracture. Note that the high noise 
level inhibits the image to provide a good view of individual bone trabeculae but more of a texture 
of the region. Cone-beam computed tomography (CBCT) is widely used in dental settings and also 
other applications, e.g. extremities imaging, image-guided radiation therapy, but there were a few 
studies used CBCT technique to evaluate osteoporosis at the jaw (E. Güngör, et al., 2016). CBCT 
for osteoporosis diagnosis may need extra cost by special phantoms and additional programs 
required (C. Brasileiro, et al., 2017). Additionally, studies show that CBCT-derived quantitative 
radio-morphometric indices are limited in screening individuals with low BMD due to the lack of 
standardized study with larger sample size and calibration on technical parameters of the scans 
(such as voxel size and tube voltage and amperage) which significantly affect the image quality 
and measurements (E. Guerra, et al., 2017). Figure 6 shows axial and sagittal views of a CBCT 
volume of a foot (M. Posadzy, et al., 2018). The high spatial resolution of CBCT provides the 
ability to investigate bone microarchitecture in an exquisite way as shown in Figure 6, however, 
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the potential use of CBCT in osteoporosis still need further studies with more promising results to 
establish standard guidelines (E. Guerra, et al., 2017). High-resolution magnetic resonance 
(HRMR) is another possible imaging modality that is clinically accessible and can provide 3D 
volumetric microarchitecture information. Although technological development permits 
quantitaive MRI to be  more clinically practical in use of bone structure analysis, spatial resolution 
and signal to noise ratio (SNR) of MRI scans for deep body location can only be improved by high 
magnetic field strength (R. Krug, et al., 2011). Figure 7 shows the same distal tibia acquired on an 
MRI system and on a HR-pQCT. Note that HR-pQCT provides higher image resolution  yielding 
better visualization of the bone microarchitecture.  
 
Figure 5 (R. Krugts ts , et al., 2011). MDCT image of a proximal femur. The imaging setting is 
120 kVp, automatic current modulation at 70 to 500 mA, noise index of 50, reconstructed at 1.25 




Figure 6 (M. Posadzy, et al., 2018). CBCT scan of a cadaver foot in (a) axial image that shows 
detailed cortical and trabecular bone microarchitecture; (b) reformatted sagittal image of the 
talocrural joint after intra-articular contrast injection to show the smooth surface of articular 
cartilage.  
 
Figure 7 (J. Goldenstein, et al., 2010). A distal tibia acquired in (a) MRI at 3 Tesla, and (b) HR-
pQCT.  
  
Quantitative Measurement on Bone Microarchitecture 
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 Despite the ongoing investigation on potential use of the high-resolution imaging 
techniques, trabecular bone score (TBS) is a bone texture measurement introduced in 2008, which 
is correlated with bone microarchitecture and as a biomarker for osteoporosis prediction used 
widely in research field (L. Pothuaud, et al., 2008). TBS is a grey-level texture measurement that 
utilizes experimental variograms in anteroposterior DXA scans of lumbar spine to reflect bone 
microarchitecture and to provide additional skeletal information that is missing from BMD 
measurement, where variogram is computed by the sum of the squared gray-level intensity 
differences between pixels at a set distance. Figure 8 shows an example of TBS computation in a 
simplified illustration (B. Silva, et al., 2014). Significant correlation was found between the 
microarchitecture characteristics of trabecular bone (BVF and Tb. Th.) obtained from 3D micro-
computed tomography (CT) reconstruction and the TBS evaluated by the 2D projection derived 
directly from the 3D CT images (L. Pothuaud, et al., 2008). TBS was initially calculated from 





Figure 8 (B. Silva, et al., 2014). An example of trabecular bone score computation. TBS is the 
number of filled voxels versus the number of unfilled ones based on the experimental variogram, 
that means more in quantity and connectivity, but less sparse trabeculae yield to higher TBS value; 
while less numerous and connected structure, but more trabecular separation will lead to lower 
TBS. Besides, the pair shows structure can have similar BMD but different TBS which indicates 
the independency of TBS to BMD and inadequacy of BMD alone to predict fracture risk.  
  The 3D characterization of bone microstructure provided by high resolution imaging 
techniques allows the introduction of novel radiometric to render assessment of bone 
microarchitecture, however, only a few of studies were conducted to investigate the quantitative 
performance of bone microarchitecture and bone texture features among the imaging techniques 
mentioned above. Legrand et al. have conducted a research on the correlation between BMD and 
vertebral fragility fractures (E. Legrand, et al., 2000). Lumbar BMD was assessed with DXA, and 
a set of bone structure parameters were computed with X-ray films from pair groups of healthy 
subjects and bone fracture patients. The metrics included in the study were: BVF, Tb. Th., Tb. N., 
Tb. Sp., and Conn. D. (degree of fragmentation of the trabecular network). With adjusted level of 
BMD, no significant differences were found between the two groups in terms of bone volume 
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fraction, and average thickness. Connectivity, and trabecular spacing are significantly higher in 
patients with fractures, while trabecular number is lower.   
 Lowitz et al. compared BMD and trabecular microarchitecture using MDCT and HR-
pQCT to investigate the impact of different imaging modalities (T. Lowitz, et al., 2017). In the 
study, they found good linear correlation in microarchitecture and texture measurements between 
the two modalities, but the results were heavily dependent on image resolution. Guggenbuhl et al.  
showed that CT-based bone texture measurements are influenced by the reconstruction slice 
thickness and so implying the significance of the conditions of acquisition for reproducibility of 
the parameters (P. Guggenbuhl et al. 2008). Diederichs et al. assessed trabecular microarchitecture 
parameters derived from MDCT, and established correlation to those obtained with µCT, and 
biomechanical testing of bone strength (G. Diederichs, et al., 2009). Results showed significant 
correlation between parameters derived by MDCT and µCT, and the combination of those 
parameters with additional texture index, the prediction of mechanical bone strength are highly 
improved from using single measurement.  
 The noted studies all show the feasibility of multivariate models of BMD, structural 
parameter, or texture measurements that combined can improve the prediction of physical bone 
strength, and suggest a more reliable estimation of fracture risk over time. However, the studies 
above were limited to small sample size or even none of healthy bones due to the inaccessibility 
to young healthy subjects, since patients who underwent such scans are usually already affected 
by  bone fractures or osteoporosis. Additionally, due to limitations of each particular imaging 
modality, such as low signal to noise ratio, motion artifacts, and high dose, etc., the impact of many 
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other image acquisition parameters was not evaluated, and a solid conclusion cannot be drawn yet 
due to the limited data.  
 
Question and Hypothesis  
 The purpose of this study is to develop a morphologically and mechanically realistic digital 
phantom to provide a wider range of data to evaluate the quantitative performance of 
microarchitecture features in prediction of mechanical competence.  These data will aid in 
development of surrogate biomarkers to assess fracture risk and treatment response for use in drug 
trials and therapy monitoring.  
 In order to develop a realistic phantom, human data was assessed in a designed pipeline 
that is the same as the one applied to designed phantoms, to guarantee consistency of the 
measurement results; as shown in previous studies, different image processing algorithms will lead 
to different results. Moreover, morphological characteristics should be measured and summarized 
to produce similar structure. In this study, the phantom development focused on the lumbar spine, 
a site frequently used for monitoring the response of osteoporosis drugs. The resulting digital 
phantom development algorithm should have the ability to include various levels of bone health, 
and the ground truth of bone microarchitecture parameters should be evaluated and included in the 
phantom specifications. Last but not the least, it should have morphological and physical properties  
in agreement with the ones informed by human dataset and literature.  
 The hypothesis of the study is that when a corresponding digital phantom is developed with 
all microarchitecture features match with a selected human sample, their physical behavior should 
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be similar within certain range. Once the realistic phantom is developed, a library of public digital 
phantoms can be implemented with the distribution of each microarchitecture parameter the same 
as the distribution of the human data. Additionally, analysis on the physical performance with 
varying microarchitecture features will be investigated as well.  
 
Implication of Research 
 Clinical evaluation, diagnosis and management of osteoporosis is performed using dual-
energy X-ray absorptiometry. There are more than 140 bone densitometry 510(k) pre-market 
submissions to the FDA as for osteoporosis diagnosis. However, there is a lack of an effective 
approach approved by FDA for clinical use to characterize bone microarchitecture quantitatively  
despite the fact that many studies have shown the significant role that bone structure deterioration 
plays in osteoporosis development. Therefore, clinical trials for osteoporosis drug pre-market 
approval are lengthy and costly as they require both changes in BMD and fracture endpoints to 
show therapeutic efficacy.  
 The development of digital phantoms realistically depicting bone trabecular structure can 
be a potential tool for the development and evaluation of imaging-based devices and tools for 
characterization of trabecular bone. Digital trabecular bone models were built in MATLAB, and 
the developed code will be publicly available for reproducibility of trabecular bone phantoms with 
known ground truth of the synthetic bone parameters. Recommendation on parameter selection for 
different bone health level and sites will be included as well. A library of 3D digital phantoms for 
texture analysis or any other image-based assessments will be publicly available. The library will 
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cover a broad range of bone health levels.. The pipeline for the digital phantom development 
ensures that the properties of the simulated structures, according to the desired bone health level, 
will be well-controlled and correlated with bone strength. As a result, these phantoms are available 
for comprehensive technical assessment of quantitative measurements providing a well 
characterized ground truth and well-controlled levels of bone health, providing the possibility for 
bias and linearity analysis. This kind of quantitative analysis is not always possible in actual patient 
data due to the limited availability of such data, especially for repeatability and reproducibility 
analysis. Additionally, high dose, high-resolution scans, and µCT scans of bone biopsies provide 
a good ground truth for phantom design, while  they are either not practically usable in clinical 
scenarios.  
  This study aids in determination of which image-based microarchitecture features can 
robustly measure physical properties of bone and serve as potential biomarkers in bone health drug 
trials. Such information may be beyond currently available options approved for standard-of care 
DXA. Many follow-up applications can be used with the developed phantom. The human data 
used in the study is acquired from µCT, and so the phantoms developed mimic the morphological 
characteristics of human bone as measured with µCT. The bone structure phantoms can be used to 
evaluate a wide range of imaging settings, including spatial resolution, reconstruction kernel, noise 
level, etc. Simulation are not limited to  µCT images since the phantoms are generic enough to be 
used in any other possible image modality. Moreover, 3D printed physical phantoms based on the 
developed phantom models can be produced by using representative parameters. The 3D printed 






Materials and Methods 
 
Real Bone Specimen Data 
 The human data source is from Dr. Vivek Palepu, a staff fellow from Center of Devices 
and Radiology Health in the U.S. Food and Drug Administration. The study pool included 104 
patients. All the patients are white with age 44 year as minimum, 98 years as maximum, and 76 
years as median; and 65 of them are females, and 39 of them are males. Vertebral bone specimens 
from the patients were taken from one of the following sites: T7, T8, T9, T12, L1, L2, L3, L4, L5, 
or any combination of them. The bone specimens were scanned on a µCT scanner (SCANCO 
Medical) and saved in DICOM format as image sequences. The µCT acquisition protocol involved 
a voltage of 70 kVp with 0.5 mm Al filtration, and x-ray exposure of 80 µAs with 400 s total 
exposure time. The slice thickness was 0.0513 mm (51.3 µm), and the pixel size was equal to the 
slice thickness (isotropic) 0.0513 x 0.0513 mm2, equivalent to a resolution of 19.4933 pixels per 
mm. The bone microarchitecture measurements for each bone specimen as a whole were computed 
with SCANCO_V1.2a, a built-in software of the SCANCO µCT scanner. Additionally, bone 
mineral density was reported as T-score in some of the patients' record. Although the full statistics 
of the 104 patients were in file, to ensure reproducibility and consistency of the data, image 
processing and microarchitecture measurements on the µCT images were conducted in a set 
pipeline, which will be discussed in detail later. In this study specifically, 20 L1 vertebral bone 
specimens were selected from the full 104 patients dataset. Measurements were performed on a 
volume of interest (VOI) of 200 x 200 x 200 pixels (10.26 µm3), and for each bone specimen, 20 
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VOIs were extracted from partially  overlapping regions. As a result, 400 VOIs were collected in 
the final human control dataset, that served as the basis to develop the digital model.  
 
 
3D Digital Phantom Development 
 The phantom development framework was based on a hybrid model combining the models 
proposed by S. Gomez et al and Wang et al (S. Gomez et al, 2016; G. Wang et al, 2018). 
Modifications on their models were implemented to address the bone microarchitectural 
differences that can be controlled by a set of parameters. The model development framework 
consists of three steps as shown in Figure 9 below. First, seed-points within a volume of interest 
are distributed based on a specific distribution that matches the morphology of real bone structure 
at the site as trabecular bone structures vary at different sites (e.g. trabeculae in vertebral bone is 
more uniformly distributed and in femoral shaft is more dense around the cortical but hollow in 
the middle). A fully connected network is then built by connecting each seed-point using Voronoi 
Tessellation. The number of points in the network determines the density of the cells and is set 
according to the final trabecular spacing required. The second step is edge pruning and addition of 
plate-like structures to mimic real-bone looking morphology. Edges can be dropped to create 
realistic open cell structures following a customizable probability function. Similarly, faces formed 
by the cells can be randomly added to create plate-like structures as seen in vertebral bone structure. 
At the end of this step, the basic structure of the bone phantom is developed. Finally, 
morphological processing steps, including convolution, thresholding and smoothing, to implement 
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the interconnected structure with controllable trabecular thickness and achieve the specific bone 
volume fraction required.  The model development is written in MATLAB (MATLAB, R2018b). 
 
Figure 9. Process of generating trabecular bone-like structure 
All the parameters discussed in the following sections can be modified and controlled by the user.  
 
Characterization of the Structure Network 
 The structure of the trabecular bone network to be simulated is defined according to the 
following steps. The first step involves setting a volume of interest (VOI) defined by two 
parameters: the slice height of the volume, and its radius, yielding:  
𝑣𝑜𝑙𝑢𝑚𝑒 =  𝑠𝑙𝑖𝑐𝑒 ℎ𝑒𝑖𝑔ℎ𝑡  ×  (𝑟𝑎𝑑𝑖𝑢𝑠 ×  2)2           (eq. 1) 
 In this study, the slice height is set to 12 mm, with  radius of 6 mm, at a resolution of  
0.0513 mm/pixel, to have the same dimension as the VOI extracted from the µCT data. The output 
volume containing the model is cropped into a matrix of 200 x 200 x 200 voxels.  
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 The second steps sets the target trabecular spacing. The total number of seed-points is 
determined by the total volume and target spacing:  
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑜𝑖𝑛𝑡𝑠 =  (√𝑣𝑜𝑙𝑢𝑚𝑒
3  / 𝑠𝑝𝑎𝑐𝑖𝑛𝑔)3           (eq. 2) 
 A variable named z_xy_ratio is set to determine the number of layers in z direction. For a 
given total number of points, the number of layers in the z direction determines how many seed-
points are there on each layer, and the slice height between each layer.  
 
Figure 10 (G. Wang, et al., 2018). Illustration of an example seed-point distribution. 
 Figure 10 shows a sample regular lattice formed by seed-points within a volume. In (b), 
there are N layers in the z direction, and the slice height between layer i and layer i+1 is labelled 
as ai. Layer i contains a total of n points given by  
𝑛 =  𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑒𝑒𝑑 − 𝑝𝑜𝑖𝑛𝑡𝑠 / 𝑁         (eq. 3) 
where n is the number of seed-points on each layer. Here, since this sample lattice is regular, the 
distance between points in the z direction, a, and the distance between points in xy-plane, b, are 
the same, defined as the target spacing.  
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 On each layer, the sample points are distributed with uniform density as given by a 
Centroidal Voronoi Tessellation (CVT), as shown in Figure 11. A Voronoi diagram is a way to 
partition a plane into regions based on the seed-points that the distance to the seed-point of the 
region from any of the point within that region is closer to the seed than to any, and the regions 
are called the cells of the Voronoi diagram (G. Voronoy, 1908).  
 Centroidal Voronoi Tessellation is a special form of Voronoi diagram in which the seed-
point of each Voronoi cell is also the centroid of the cell, providing the optimal partitioning of the 
plane (Q. Du, et al., 1999). The distribution of seed-points provided by CVT yields centroids in 
uniformly distributed polygons that are used as initial seed-points in our algorithm. At this step, 
the distribution of seed-points is the same at each layer. 
 




Figure 12 (L. Mosekilde, et al., 1999). A vertebral bone from a young individual 
 Figure 12 shows the internal bone structure of a vertebral bone from a young healthy 
individual, and from the shape of the vertebra a flow of trabeculae formation can be seen. In order 
to control the flow of trabeculae network formation, a gradient along the layers in the z direction 
is added. In this study, the flow of the structure is according to the following rules (refer back to 
the notation from Figure 10): for layer index i larger than N/2, the seed-points (x,y) location in that 
layer will shrink towards the center of the volume by a factor of 0.03; for layer index i smaller than 
N/2, the seed-points (x,y) location in that layer will expand outwards by a factor of 0.03. The 





Figure 13. Illustration of the flow along z-direction in this study 
 Then, a random perturbation in z-direction is added, such that on each layer, the points 
won't be at the exact same z position. On each layer, the xy-plane is evenly divided into 36 sections, 
and, at each section, the same random perturbation is added. 
 Additional randomness is added to  the (x,y) location of each seed-point. Figure 14(a) 
shows a regular lattice and the spheres shown in (b) defines the radius that control the target 
randomness, with (c) shows the reulsts after disturbation. For a seed-point with location (x,y), the 
updated coordinates will be: 
𝑥′ =  𝑥 +  𝑅 ∗  𝑟𝑎𝑛𝑑 ∗  𝑠𝑖𝑛(𝜋 ∗ 𝑟𝑎𝑛𝑑)  ∗  𝑐𝑜𝑠(2𝜋 ∗ 𝑟𝑎𝑛𝑑)        (eq. 4) 
𝑦′ =  𝑦 +  𝑅 ∗  𝑟𝑎𝑛𝑑 ∗  𝑠𝑖𝑛(𝜋 ∗ 𝑟𝑎𝑛𝑑)  ∗  𝑐𝑜𝑠(2𝜋 ∗ 𝑟𝑎𝑛𝑑)      (eq. 5) 
where rand is a uniformly distributed random function in the interval of [0, 1]. 
  
Figure 14 (G. Wang, et al., 2018). A regular lattice is shown in (a), and the green spheres in (b) 
shows the randomness spheres with radius of randR. (c) shows the points after distortion resulting 
an irregular lattice.  
 Once the seed-points are distributed as expected, Voronoi Tessellation is used to generate 
the connected network of the cell frame based on the seed-points. Due to the Voronoi Tessellation 
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formation theory, the network at the edge will be set to infinity. In order to maintain the network 
fully connected, only the edges bounded within the VOI are stored.  
 In the phantom generating framework, the distribution of seed-points can be controlled to 
characterize the local structure of different sites. For instance, vertebral trabecular bone is denser 
near the cortical periphery and more porous towards the center of the vertebra. The amount of 
plate-like structure can be set based on literature to account for bone health level. Examples of 
variations in bone structure simulated in this work in comparison to their real bone counterparts 
are shown in Figure 15. Figure 15 illustrates the ability of the phantom model developed in this 




Figure 15. Simulated bone structures (bottom row) with different generating parameters to model 
the real bone microarchitectures in the top row. Columns (a) and (b) illustrate a variation in plate-
like structures, as literature shows there are more plate-like structure in men compared to women 
at, e.g., the femoral neck (F. Eckstein, et al., 2007); and column (c) shows a non-uniform 






 Once the fully connected network is built from seed-points, edge pruning and plates 
addition are applied to the raw structure to generate a more realistic morphology and anatomy 
compared to real bone.  
 Figure 16 shows a sample network built on seed-points, and Figure 17 shows a sample 
Voronoi cell formed by the network. In order to maintain certain morphological characteristics, 
the position, orientation of each edge needs to be computed by computing the angle between the 
edge and the z-axis. It can be informed by Figure 12 that most of the trabeculae are lined along the 
z-axis. To achieve this morphological characteristic, the edges that are more vertical--the angle 
between the edge and the z-axis is closer to 0, the less likely the edge will be pruned, which is 
done by setting a probability function. As shown in Figure 17, starting from one vertex (red dot), 
there may be multiple edges linked to the point; however, there are usually 3-4 edges only linked 
to one point in real bone setting (F. Zhao, 2018). In this study, the following steps are set to achieve 
the basic structure: first, the number of edges connected to current point is counted; if the number 
of edges is less than 4, no pruning is needed, but if the number of edges is either 5 or 6, one 
randomly selected  edge will be dropped, and if the number of edges is larger than 7, then either 
one or two randomly selected edges will be pruned.  
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Figure 16. A fully connected network before edge pruning 
 
Figure 17. One of the Voronoi cell formed by the network 
 A similar concept is applied to prune the faces. For each Voronoi cell, there are many faces 
that together compose the complete volume. For each face, there is a vector orthogonal to it, which 
is denoted as the face angle. According to Zhao et al (F. Zhao, et al., 2018), based on the 
observation on vertebral trabecular bone, the distribution of plate orientation shows a small peak 
at 90°, at colatitude projection (using spherical coordinates from Figure 18) while it is more 
uniformly distributed elsewhere. The azimuth projection of the plate orientation distribution has 
two small peaks at the two angles that are perpendicular (e.g., 45° and 135°) depending on the 
respective 0°. In this study, plates with orientation that are closer to normal to the z-axis (the 
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colatitude projection is closer to the z-axis), are more likely to remain; plates with orientation on 
azimuth projection with  45° and 135° are the ones to be kept. Additionally, referring back to figure 
12, plates tend to be connected forming long plates, instead of little pieces scattered throughout 
the whole volume. Thus, when one face is filled, the probability of the faces at its top and bottom 
will also increase to create long plates, if the top or bottom one  has the orientations of both on 
azimuth projection and on colatitude projection within certain threshold (to create a long-plate 
along the z-direction).  
                      
Figure 18 (F. Zhao, et al., 2018). Illustration of the definition of plate and rod orientation.  
 After the basic structure of the volume is formed with edge pruning and plate addition, we 
use morphological processing to make the framework achieve certain thickness. With the 
information of edges and faces referring to rods and plates, a volumetric matrix can be created to 
generate the 3D structure. In order to be more realistic, for each edge, a weight value is assigned 
to each position along the length of the edge identified by the network. The distribution of weights  
is designed to assign larger weights to the end sections, compared to the middle section of the line, 
since a rod usually has a shape that is thinner in the middle and thicker at the two ends. After 
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implementing the edge weighting function, convolution and dilation are applied to the structure, 
to create the thickness of each edge and face. The last step of the phantom generation is to threshold 
the structure to obtain the desired target bone volume fraction by only keeping the voxels that are 
over the threshold percentile specified by the bone volume fraction. Figure 19 shows an overall 
process summary to generate a simulated trabeuclar bone structure.  
 
Figure 19. Process of obtaining a simulated trabecular bone structure. 
 Due to the generating framework, the output structure is very uniform throughout the value 
with similar trabecular spacing and thickness, while real bones usually show a larger variance. To 
achieve a realistic variance in the structure, an optional step is added to increase the variation of 
the two microarchitecture features. Figure 20 shows a Gaussian distrubuted variation factor martix 
that can be convoluted with the original structure to increase variation, where the interpolation is 
necessary to introduce the transition of variation more smoothly.  This step can be executed before 
the thresholding operation. A random, Gaussian distributed, variation factor is convolved with the 
original volume matrix before thresholding. As a result, even with a global threshold value, it is 








 Model validation is an essential part of the study to verify whether the study design is 
correct. In this study, the model is validated by comparing the microarchitecture measurements 
and finite element analysis results of the designed model and real bone samples. Statistical analysis 
is also used to establish correlation between parameters.  
  
 
Microarchitecture Analysis  
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 A list of commonly used microarchitecture metrics is provided in Table 2. The volume of 
interest  for the analysis was set to 200 x 200 x 200 pixels (isotropic) with pixel size of 0.0513 
mm/pixel. The microarchitecture analysis was done with ImageJ, BoneJ plugin (Image J, open 
source).  
Feature Definition Unit 
Bone Volume Fraction 
(BVF) 
Volume of mineralized bone per unit volume 





Number of trabeculae per unit volume. (mm-3) 
Degree of Anisotropy 
(D. A.) 
A measurement of how highly the trabeculae 
are oriented in the volume. 
None 




The mean thickness of all trabeculae within 
the bone volume. 
mm 
Standard Deviation of Tb. Th. 
(Tb. Th. std) 
The standard deviation of the thickness of all 




The mean spacing between conjunct 
trabeculae. 
mm 
Standard Deviation of Tb. Sp. 
(Tb. Sp. std) 
The standard deviation of the mean spacing 
between conjunct trabeculae. 
None 
 
Table 2. List of microarchitecture measurements. 
 
Bone Volume Fraction (BVF): 
 Bone volume fraction is calculated as the number of foreground (bone) pixels divided by 
the total number of voxels in the image (BoneJ, ImageJ).   




Connectivity Density (Conn. D.) (G. Odgaard, 1993): 
 Trabecular bone is a network with connected structures. The Euler characteristic of the 
structure can be used to calculate its connectivity. The connectivity density is defined as the overall 
connectivity estimate divided by the volume. For each voxel that is bone, the Euler characteristic 
(𝛿𝜒) is computedand the overall Euler characteristic is calculated as: 
𝜒 =  ∑ 𝛿𝜒                  (eq. 7) 
The contribution of the bone sample to the overall Euler characteristic ( ∆𝜒) is measured by 
checking the intersections of voxels and the volume edges. Then the connectivity is defined as: 
𝛽 =  1 − ∆𝜒            (eq. 8) 
Finally, the connectivity density is given by: 
Conn. D.  = 𝛽 / 𝑣𝑜𝑙𝑢𝑚𝑒               (eq. 9) 
 
Degree of Anisotropy (D. A.): 
 The mean intercept length (MIL) method (H. Mann, 1984) is used to compute the 
anisotropy in the BoneJ plugin. From a random point within the volume, a large number of vectors 
with the same length can be drawn. For each of the vectors, an intercept is counted when it hits a 
boundary between the foreground and the background. MIL can then be calculated by dividing the 
vector length by the number of boundary hits. A collection of points is built up, and each point 
represents a value of the vector times its MIL. The point cloud is then fitted with an ellipsoid. The 
ellipsoid eigenvalues can then be calculated obtaining the construction of the structure anisotropy 





𝐷𝐴 =  𝑙𝑜𝑛𝑔 𝑎𝑥𝑖𝑠 𝑒𝑖𝑔𝑒𝑛𝑣𝑎𝑙𝑢𝑒 / 𝑠ℎ𝑜𝑟𝑡 𝑎𝑥𝑖𝑠 𝑒𝑖𝑔𝑒𝑛𝑣𝑎𝑙𝑢𝑒             (eq. 10) 
 
Trabecular Spacing (Tb. Sp.): 
 The trabecular spacing is defined as the diameter of the greatest sphere that can be fitted 
within the non-bone region at a point (background). The spacing measurement is run on all spheres 
filled in background. A map of pixels is generated, with each pixel has the value of greatest sphere 
can be generated from that pixel, as shown in Figure 21 (right). Then, the mean value and standard 
deviation are computed directly from pixel values. 
 
Trabecular Thickness (Tb. Th.): 
 The trabecular thickness is defined as the diameter of the greatest sphere that can be fitted 
within the bone structure at a point (foreground). The thickness measurement is run on all the 
spheres filled in foreground. A map of pixels is generated, with each pixel has the value of greatest 
sphere can be generated from that pixel, as shown in Figure 21 (left). Then the mean value and 




          
Figure 21. Thickness map of (left) trabecular thickness and (right) trabecular spacing. 
 The BoneJ plugin used for the measurements described above requires a binary image input 
with values in grayscale (0/255), and the analysis is run assuming trabeculae are the foreground 
pixels, with value of 255. Post-processing of the image data is essential to obtain consistent 
measurements. The image processing pipeline before microarchitecture measurements is as 
following (names of process operations are based on ImageJ), with the key steps shown in Figure 
22: 
 Step 1: Import image sequence into ImageJ. 
 Step 2: Upscale the volume in a scale factor of 2 for x, y, z directions using bilinear 
interpolation. 
 Step 3: Apply a 3D Laplace kernel to the volume to enhance the contrast between bone and 
background. 




 Step 5: Apply the ROF denoising algorithm (L. Rudin, et al., 1992) with noise sigma of 
200.  
 Step 6: Binarize the volume using the Isodata algorithm (T. Ridler, et al., 1978), with global 
thresholding. 
 Step 7: Purify the image to only remain the largest foreground and background particles 
and remove the rest in order to obtain one fully connected structure and remove all floating parts. 
 Step 8: Run microarchitecture measurements with the BoneJ plugin (Double M, et al., 
2010).  
 The same processing pipeline is applied to both human data and developed models with 
same VOI size. 
                  
Figure 22. Left shows an original image; middle shows the image after Laplace kernel; and right 
is the image after binarization that will read in BoneJ. 





Finite Element Analysis  
 Finite element analysis is used to measure the stiffness of the structure. In this study, 
stiffness refers to the compressive stiffness along the principle loading direction as shown in Figure 
23, defined as  
𝑠𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠 =  𝑙𝑜𝑎𝑑 / 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡      𝑢𝑛𝑖𝑡: [𝑁/𝑚𝑚]                 (eq. 11) 
 
Figure 23. Illustration of the definition of stiffness 
 The software used to complete the finite element analysis is Abaqus (ABAQUS Inc.,), and 
the meshing process of the volume structure is encoded in MATLAB.  
 In order to apply a uniform load onto the structure, two plates with thickness of 5 pixels in 
the z direction are added to the top and bottom of the structure. The bone structure with the added 
plates is then converted into a mesh in tetrahedron elements. Figure 24 shows a real bone structure 




Figure 24. Bone structure extracted from one of the real bone specimens, converted into mesh with 
tetrahedron elements.  
 The meshed structure is then loaded into Abaqus to complete the finite element analysis. 
The structure is assigned with elastic property: elastic modulus of 13.4 GPa, and Poisson’s ratio 
of 0.3. The bottom of the structure is fixed, with a uniformly distributed load applied onto the top 
plate, to achieve a 3% displacement along the z-axis. The reaction force at the bottom plate is 
stored as the load, together with the 3% displacement in units of millimeters, to compute the 




Figure 25. A visualization of the output of Abaqus, U is the displacement in unit of millimeter.  
 
Statistical Analysis 
 Statistical analysis was used to develop a more quantitative measurement of the parameters 
and assist in the discovery of potential patterns or correlations between the parameters. The 
statistical analysis was done on Rstudio (Rstudio, Inc.,) and MATLAB.  
 The histogram of each microarchitecture feature was computed for both the human dataset 
and the library of developed digital phantoms. With the histogram, the distribution function was 
also produced.  
 Correlation of the microarchitecture features was investigated to underlying morphological 
and physical representation of each parameter. Also, correlation of the input variables of the 
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phantom generating pipeline to the measured microarchitecture features of the output was used to 
calibrate the mathematical expression used within the development codes. It is essential to include 
this correlation, since not all of the microarchitecture features are directly controlled by single 























Chapter III  
Results 
Graphical 2D and 3D Visualization 
                 
         (a)                                     (b) 
  




Figure 26. (a) Seed-points were distributed as described in Chapter II. (b) A fully connected 
network was formed by Voronoi Tessellation from the seed-points in (a). (c) The network of rods 
after edge pruning is shown in green, and the selectively filled faces representing the plates are in 
red. (d) Complete structure after morphological processing.  
 
 
   
Figure 27. Left shows a 3D visualization of a VOI extracted from a human bone specimen, and 
right shows a 3D visualization of a model generated by the designed framework, with similar 








Figure 28. (a) A real bone structure and (b) a simulated bone phantom with bone volume fraction 
of about 0.2 (BV/TV = 20%), with 2D visualization of selected slice from both xy-plane and xz-
plane view.   
 
 Comparing Figure 27 and Figure 28, real bone structure is more diverse and have more 
obvious variation in the structure throughout the volume whereas the simulated model is more 
uniform in trabecular spacing and trabecular thickness. Additionally, the real bone structure has a 
more smooth curvature of each trabecula, while the simulated model is more rigid at the turning 
points. Although variation was added before thresholding, the distribution of the seed-points 
determined the general structure, such that big variations in structure can hardly be seen without 
adding more variation during the points distributing step. Figure 29 shows the real bone structure 








Figure 29. Distance map of a selected slice of a real bone (a) and a corresponding digital phantom 





 As mentioned in Chapter II, several commonly used microarchitecture features are 
meaured using ImageJ, BoneJ plugin, namely: bone volume fraction (BVF), connectivity density 
(Conn.D), degree of anisotropy (DA), trabecular thickness (Tb. Th), trabecular spacing (Tb. Sp). 
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 Since the microarchitecture features are not the direct input of the phantom generating 
program, investigation on the correlation of input variables to the microachitecture measurements 
is needed. There are tens of modifiable variables in the program, however, most of them are set to 
their default value for now, and only a few that may lead to direct changes in the structure were 
changed for different target structures: bone volume fraction, trabecular spacing, randR, and 
z_xy_ratio. In order to evaluate the effect of each variable, 375 models were generated with the 
following parameters: bone volume fraction of 0.1, 0.2, and 0.3; trabecular spacing of 0.7, 0.9, 1.1, 
1.3, 1.5; randR, to control the randoness level, of 0, 0.2, 0.4, 0.6, 0.8; z_xy_ratio, to control the 
shape of the faces formed by the network, of 0.6, 0.8, 1, 1.2, 1.4.  
 
Table 3. Look-up table of the 375 models with input variables and output structures' 
microarchitecture measurements. 
 
 The effect of each input variable on the output measurements was evaluated with Pearson's 




Figure 30. Visulization of the correlation using correlogram. The variables in lower case are input 
variables, and the variables in upper case are measured values from ImageJ.  
 According to Figure 30 volume ratio is directly related to input bone fraction. Conn. D is 
inversely related to input trabecular spacing. Degree of anisotropy is inversely related to input 
bone volume fraction, trabecular spacing, and randR. The measured trabecular thickness positively 
correlates with the input bone volume fraction and trabecular spacing. The measured trabecular 
spacing is directly related to input value, and inversely related to input bone volume fraction.  
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Figure 31. Boxplot of bone volume ratio and trabecular spacing. x-axis represents the input values, 
and y-axis represents the feature measurement of the output structure. bvf_a and tbsp_a are the 
calibrated values to achieve linear regression in a factor of 1.  
 The target value and measured results of bone volume fraction and trabecular spacing both 
showed a good agreement as expected by design.  
 
Figure 32. Boxplot of measured trabecular thickness to the input trabecular spacing at certain levels 
of input bone volume fraction.  
 Theoretically, with a fixed BVF, trabecular thickness and trabecular spacing should be in 
positive correlation, as the spacing is larger, the mean thickness of trabeculae has to be larger to 
reach the same level of bone value fraction. The same results are shown in Figure 31, while there 
are two exceptions--when both BVF and spacing are small, and when both are larger. However, 
this two cases are actually not realistic for the bone structure. When the BVF is small, the structure 
should be more porous and it is hard to have small spacing; vice versa, when the BVF is large, the 





Figure 33. Boxplot of connectivity density to the input trabecular spacing at certain levels of input 
bone volume fraction.  
 Connectivity density is the number of trabeculae per volume, so theoretically it should be 
inversely related to trabecular spacing, since larger spacing between trabeculae leads to a less 
dense structure with smaller number of trabeculae within each volume. Figure 33 shows the model 
results showing the expected trends, with exception similar to the one mentioned previously--at 
low BVF, small trabecular spacing is hard to reach, and so the outlier can be neglected.  
 
 




Figure 35. Boxplot of input randR to measured degree of anisotropy at certain levels of input bone 
volume fraction. 
 With same level of bone volume fraction, degree of anisotropy is inversely correlated to 
input randR. Theoretically, randR is the radius of the randomness sphere at the step of seed-points 
distribution, and so the larger the value of randR, the less oriented the structure is, leading to a 
smaller DA.  
 In order to validate the model design algorithm, first a volume of interest was extracted 
from a real bone sample, then the microarchitecture analysis were applied to the VOI. The 




Figure 36. VOI extracted from patient 05751 (left) and corresponding simulated structure (right). 
 
Table 4. Microarchitecture mearements of the structures in Figure 36. 
 
 
Figure 37. VOI extracted from patient 04216 (left) and corresponding simulated structure (right). 
 





Figure 38. VOI extracted from patient 06219 (left) and corresponding simulated structure (right). 
 
 
Table 6. Microarchitecture mearements of the structures in Figure 38. 
 
 




Table 7. Microarchitecture mearements of the structures in Figure 39. 
 
 
Figure 40. VOI extracted from patient 05880 (left) and corresponding simulated structure (right). 
 
 
Table 8. Microarchitecture mearements of the structures in Figure 40. 
 
 





Table 9. Microarchitecture mearements of the structures in Figure 41. 
 
 For structue pairs from Figure 36 to Figure 41, the corresponding model is designed to 
match the volume ratio and trabecular spacing with the real bone structure, with BVF and Tb. Sp. 
as direct inputs to the model generating function. Although some of the features matched well 
bewteen the real bone and the model, some of the features such as Tb.Th. and Tb. Sp. STD still 
showed siginificant deviation from the target values. Based on the relations established by the 
statistical analysis, modifications can be included to the model to minimize the disagreement 
between simulated and measured values.  
 
  




Table 10. Microarchitecture mearements of the structures in Figure 42. 
 Figure 42 (right) shows a modified version of  the model corresponding to patient 04216 
as shown in Figure 37. Adjustment on the input variables were made, and variations were also 
applied to reduce the difference in the standard deviation of trabecular thickness and spacing. 
Figure 42 exhibits the ability of the phantom development pipeline to generate models matching 
the target features. 
 In order to better illustrate such an ability to generate models with any target 
microarchitecture features, 125 of the samples were selected from the 400 human bone volumes. 
125 corresponding digital phantoms were generated with similar microarchitecture features. The 
digital bone phantoms covered the full range of microarchitecture parameters observed from 
measurements on the CT dataset, and showed comparable parameter distribution. The mean 
±standard deviation of the parameters for human bone samples/digital phantoms were: 
8.022.21%/9.211.92% (BVF), 0.110.01mm/0.130.02mm (Tb.th), 





Figure 43. Histogram of degree of anisotropy to illustrate the distribution of DA of human dataset 




 The mechanical properties of each structure were represented by a single value--
compressive stiffness. However, in order to provide more information on the structure, 
microarchitecture features are also included here. The ultimate goal of computing the physical 
properties is to see the difference in mechanical properties for structures with matched 
microarchitecture features.  Table 11 shows the characteristics of four structures. Structure A, A_a, 
and C are real bone, and A and A_a are VOIs of the same L1 vertebral bone specimen but at sites 
that are next to each other, while C is extracted from another bone specimen. Structure A* is a 




Table 11. Microarchitecture features and physical properties of four structures. 
 
 
 Table 12 shows an example of improvement on the agreement of physical properties when 
more variation is added to the structure, the improvement can be seen in the comparison of 
model_0 and model_1. As mentioned in the previous section, simulated models tend to how 
smaller variation throughout the volume, while real bone structure usually show large standard 
deviation of trabecular spacing and thickness. Stiffness differences between the real bone and the 
corresponding simulated model was reduced by minimizing the difference in standard deviation 




Table 12. Improvement in the agreement of physical properties with consideration of matching 
standard deviation values. 
 
 
 Four pairs of corresponding phantom and human bone are listed in Table 13. A1, A2, A3, 
and A4 are real bone volumes extracted from from four individual L1 vertebral bone specimens 
with major difference in bone volume fraction, which is the fundamental factor contributing to 
mechanical strength of the bone structure. A1*, A2*, A3*, and A4* are the corresponding 
phantoms designed based on the microarchitecture features of the real bones with percent error on 
each parameter lower than 6%. For four selected pairs of corresponding phantom and human bone, 
the percent differences in stiffness ranged from 5.46% to 10.05%.  
 Figure 44 shows the physical properties illustrated as the value of Conn.D as a function of 
Tb.Sp. It shows that the four pairs have Conn.D and Tb.Sp. wide spread throughout the range, 




Table 13. Four pairs of real bone and corresponding digital phantom. 
 
Figure 44. Visualization of the distribution of the parameters of the four pairs. Stiffness referring 
to force/displacement was calculated for each model. Comparison of stiffness for 4 pairs of real 
bone and digital phantoms generated to have matching microarchitecture (not shown on the plot) 





Discussions and Conclusion 
Discussion of the Results 
 Real bone has a structure that is more diverse and with larger variation throughout the 
volume, whereas the simulated model was more uniform in trabecular spacing and trabecular 
thickness since the morphological processing of phantom generation uses a constant kernel size 
during dilation for the whole volume. Additionally, the real bone structure showed a more smooth 
curvature between the junctions of trabeculae, while the simulated model showed more abrupt 
turning points. Although variation was added before thresholding to increase the variation of 
trabecular thickness and spacing, the distribution of the seed-points determined the general 
structure, such that big variation in structure can hardly be seen without adding more variation 
during the points distributing step. 
 Since the microarchitecture features were not the direct input of the phantom generating 
program, and all the variables were affecting the output together, it was hard to obtain a structure 
with all target features without empirical knowledge or multiple trials. For the comparable pairs 
listed from Figure 29 to Figure 34, the corresponding models were designed to match the volume 
ratio and trabecular spacing with the real bone structures. BVF and Tb. Sp. were the direct input 
of the model generating function and, thus, could be easily achieved. However, as can be implied 
from the data, some of the features, such as Tb.Th. std and Tb. Sp. std, still exhibited siginificant 
differences between the real bone and the simulated model. Although it is possible to reach a 
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number that is very close to the target value, it may be too hard to make all features within 6% 
error in a few trials since changing one input variables may affect not only one output measurement.  
 The current pipeline permits the possibility to generate 3D digital bone tissue phantoms 
with microarchitecture features that capture the variability and complexity of human vertebral 
trabecular bone; however, not all combinations of the microarchitecture features can be generated 
as shown in Figure 32: when the BVF is small, the structure should be more porous and spacing 
lower than certain level was unreachable; vice versa, when the BVF is large, the structure is 
supposed to be denser, and large spacing is irrealistic. 
 The mechanical test is currently performed using Abaqus, which results in extremely long 
computationa time for the high resolution of the structure and the mesh considered in this study. 
There are more than a million tetrahedron elements in the mesh. However, the resolution cannot 
be decreased due to the microstructure dimension of trabecular bone. Because of the long 
computation time, less than 20 structures were included in the finite element analysis. The structure 
pairs in the result section were the ones that matched each other well both in microarchitecture and 
physical characteristics. The results showed that bone volume fraction contributed the most to the 
bone strength. For similar levels of BVF, connectivity density also played an important role on the 
stiffness of the structure, as more trabeculae per volume, the denser the structure is.  
 Although the stiffness was within a comparable range when all other microarchitecture 
features were matched (see Table 12), the sample size in this study was too small to establish any 
correlation of stiffness for any of the microarchitecture parameter alone. As a result, a strong 
statement stating that the digital phantom is realistic morphologically and physically cannot be 
drawn at the current stage. More corresponding pairs need to be included in the sample pool to 
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make any conclusion on the stiffness. Moreover, the human data used are patients either with 
osteoporosis, or at a high age; no young healthy data are included. As shown in Figure 44, the four 
samples have good spreadout on Tb.Sp and Conn.D, but the distribution range was defined based 
on human data without young healthy patients. If the bone structure of a young healthy individua l 
has a combination of microarchitecture characteristics very different from the human data used in 
this study, some of the conclusions shown in the results may be not appliable to young healthy 
population.  
 Additionally, finite element analysis results rely heavily on the meashing as the 
fundamental of finite element analysis is to solve partial differential equations based on the meshes. 
In this study, tetrahedron mesh was used, but no investigation of mesh in other shape was done. 
The results using different meshing methods may be different. Other than that, in order to apply 
an uniform load onto the structure, two plates were added on the top and bottom of the structure. 
The two plates actually affect the microarchitecture of the structure, and the effect of the two plates 
will be different for different structures as the trabeculae directly connected to them are not the 
same. The microarchitecture features listed for each structure were not the same as the real 
microstructure the volume has with the added plates. However, with the same volume size, and 
same design of the added plates, we can assume similar effects that the plates brought to both of 
the structures. Althought the correlation is restricted by the facts mentioned above, it indicates the 






 This work describes a new approach to building 3D digital bone tissue phantoms with 
microarchitecture features that capture the variability and complexity of human vertebral 
trabecular bone that includes realistic representation of microarchitecture and mechanical 
properties. The model established in this study can generate phantoms with the desired 
microarchitecture measurements within 5% error on each parameter. The capability of the 
designed model to generate bone structures with high variability and complexity could be a 
simulation tool and test method to characterize the quantitative performance of novel imaging 
biomarkers, as currently there is no guideline of standards on quantitative evaluation on those 
image-based biomarkers. Although bone quality as represented by microarchitecture features is as 
important as bone quantity measured by BMD in bone strength determination, it is not included in 
regular clinical diagnosis procedure. Hence, the novel approach provided in this study to analyze 
bone quality both in its characterization of bone microarchitecture and the corresponding strength 
can provide a more comprehensive view of bone health in the at-risk population. 
 A library of 3D binary vertebral trabecular phantoms for texture analysis or any other 
related assessments will be publicly available with coverage of a wide range of health levels of 
bone, in order to provide assistance to bone property characterization that is hindered by limited 
data. With the parametrized phantoms, ground truth--underlying microarchitecture--are included 
and levels of structures are well-controlled and correlated with bone strength. Therefore, these 
phantoms could be available for comprehensive technical assessment of quantitative 
measurements as the known ground truth and well-controlled levels of structures provide the 
possibility for bias and linearity analysis which are not always possible with actual patient data 
due to the availability of such data, especially for the repeatability and reproducibility analysis. 
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The model is highly customizable so that different microarchitecture properties can be obtained 
and appropriately modeled to achieve various bone health levels or trabecular bone structure at 
different sites.  
 A common application for a designed digital phantom is 3D printing. The 3D simulated 
phantom can be 3D printed into physical phantoms to be used in any applicable image modality. 
For more consistent results of microarchitecture measurements in this study, physical phantoms 
should be scanned by µCT, then measurements should be done with the µCT images to include 
noise level and construction artifacts which are in the real bone data. However, 3D printing 
materials are limited, and materials with similar imaging properties are hard to be printed in such 
a high resolution.  
 Another application is to generate simulated projection as in MDCT or other applicable 
image modality. Figure 46 shows a simulated projection of a complete vertebral bone specimen 
phantom. The internal structure of the phantom is built as the framework used in the study, and a 
cortical shell is added to the trabecular structure to construct a complete vertebral bone phantom 
as an integral. Simulated phantom can then be used to generate simulated projection to mimic 
MDCT/DXA image. From then, modality-based features can be extracted to do further analysis. 
Such a novel digital phantom development algorithm may enable discovery of new quantitative 
biomarkers of bone quality from modalities that are not currently common in osteoporosis 
diagnosis. The designed phantoms can be used to investigate the standard of level of resolution 




Figure 45. 3D printed bone structures of (left) real bone and (right) simulated phantom. 
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